Abstract Effects of removal of the external sodium on the contractility of the frog's skeletal muscle were studied. Sodium-free solution, replaced by choline, strongly augmented the twitch tension before it abolished the action potential. A similar marked potentiation was also observed in the sustained contracture induced by a small depolarization under the currentclamped condition where generation of conductive action potential was blocked. On the other hand, the maximum contracture induced either by electrical stimulation or by high potassium solution was not modified by lowering the external sodium concentration. Furthermore, contraction threshold measured on the electrically induced contracture was shifted to more negative value of the membrane potential. Caffeine contracture, examined by a short-term application of 5 mM caffeine, was first inhibited by sodium-free solution but afterwards restored or even augmented during the sodium-free perfusion. From these observations it is concluded that a removal of external sodium lowered the mechanical threshold of the muscle by affecting some step of the coupling process at the T-SR junction without affecting the contractile machinery.
and N. FUJISHIRO (LUTTGAU and NIEDERGERKE, 1958) or when the intracellular sodium is elevated by applying the Na-K pump inhibitor such as cardiac glycosides (REPKE, 1964) .
On the other hand, the effect of reduction or removal of external sodium on the contractility has' not yet been analyzed in skeletal muscle, although some authors reported a potentiating effect on the twitch (MASHIMA and MATSUMURA, 1962; HATAE and KAWATA, 1984) . We examined the effects of sodium removal from the viewpoint of the excitation-contraction (E-C) coupling and compared those among various types of contraction such as twitch, electrically induced contracture, potassium contracture, and caffeine contracture. Our study reveals that reduction or removal of external sodium has at least two opposite effects : an augmenting effect on the submaximal contraction and, though transient, an apparent inhibiting one on the caffeine-induced contracture. The former effect seems to be mainly due to an enhancement of the electro-mechanical coupling process.
MATERIALS AND METHODS
Small bundles containing fewer than twenty fibers were prepared from the extensor digitorum IV muscle of Rana catesbeiana (bullfrog) or semitendinosus muscle of Rana japonica. Most experiments were done on the bullfrog muscle, however. Single fibers prepared from the gastrocnemius muscle (Rana japonica) were also used for potassium contracture experiments. Experimental setup and procedure were the same as described elsewhere (KAWATA, 1985) . Briefly, the muscle preparation was partitioned into three compartments of which the middle one (2 mm in width) was perfused with isotonic sucrose solution while both endcompartments were perfused principally with normal Ringer solution. The tendinous end of muscle in the test-compartment was connected to a sensitive arm of the force transducer (Fuji-Keisoku, TDS-l01) and the isometric tension (F) and dF/dt were recorded, while another extreme in the opposite end-compartment was pinned to the silicon rubber base of the bath. The bath volume of the testcompartment was 0.4 ml. Depolarizing or hyperpolarizing current pulse was applied through a pair of electrodes mounting both end-compartments and massive stimulation was applied by using a SEN-7103 stimulator (Nihon Kohden). Suprathreshold constant current pulses of 0.5 ms were given for twitch generation, while for contracture experiments pulses of 1 s with varied intensities were used. The interval of stimulation was 30 s for twitch and 60 s for contracture experiments. The intracellular membrane potential was measured with a conventional gass capillary microelectrode in the test-compartment. The microelectrode was inserted at the fiber portion within 500 µm from the partition plate. For single muscle experiments another chamber (bath volume 0.05 ml) was used in which sucrose-gap was not applied. This enabled fairly rapid changing of the perfusing solution.
The normal Ringer solution had the following composition (mM): NaCI 111.2, KC13.0, CaCl2 2.0, HEPES 4.0, and pH 7.2. Sodium-deficient solution was made by replacing either all or part of sodium chloride with equimolar choline chloride. Potassium contractures were elicited by exposing the fiber to high potassium solution which was made by isotonic replacement of NaCI for KC1 (120 mM). Caffeine contractures were induced by applying solution containing caffeine of 5 mM and measured in the sucrose-gapped chamber. All solution contained d-tubocurarine (10-5 g/ml). In the experiments of electrically induced contracture the muscle in the test-compartment was perfused with tetrodotoxin (TTX, 5 x 10-6 to 10-5 M/l)-containing solution to block any participation of the conducting action potential. The flow rate of bathing solution in the test-compartment was 2.8 ml/min. Bath temperature was 20°C for sucrose-gap experiments and l0 °C for single fiber experiments.
RESULTS
Effects o f sodium removal on twitch tension MASHIMA and MATSUMURA (1962) first reported the potentiating effect of low sodium on the twitch of the skeletal muscle. This effect was maximum when sodium replacement was 50% and occurred in spite of a reduction in spike height of the action potential. Figure 1 shows an example presenting the effect of choline-replaced sodiumfree solution on the twitch of semitendi.nosus muscle of Rana japonica. As described previously, the interval of stimuli was 30s. Exposure of fiber to sodium-free solution for 5 min at 20°C resulted in a marked potentiation of twitch tension to about 150% of control before it declined rapidly. This decline of twitch is presumably due to Fig. 1 . Effects of sodium depletion and those of calcium depletion on the twitch tension of semitendinosus muscle of Rana japonica. Choline-replaced sodium-free solution was perfused for 5 min between arrow marks. Note that the 'twitch gradually increases before it declines abruptly and that the twitch promptly recovers on re-perfusing of normal Ringer solution. The figure also shows the effects of perfusion of calcium-free solution for 5 min. The calcium-free solution contained 3 mM Mg2 + and 1 mM EGTA. The recovery of twitch to the control level required about 30 min. The interval of stimuli was 30s. suppression of the action potential. The twitch remained augmented for a while even after washing with the normal Ringer. To see if the twitch potentiation can be interfered with by removal of calcium ions, the effect of calcium-free solution was examined and shown in the figure. A 5 min perfusion of calcium-free solution, replaced by 3 mM magnesium and 1 mM EGTA, inhibited the twitch height by about 5O°. This may indicate the possibility that calcium ions in the external medium regulate, at least in part, the twitch tension. The effect of sodium reduction to 55.6 mM on twitch of gastrocnemius muscle at 10~C was shown in Fig. 6 .
There results contrast with the observation by BEZANILLA et al. (1972) who found that lowering of extracellular sodium concentration, but not enough to abolish action potential, resulted in a decrease in the contractile tension.
Potentiation of electrically induced contracture by sodium-free perfusion Figure 2 illustrates the effects of sodium removal on the electrically induced contracture of Rana catesbeiana. All experiments were done in the solution containing TTX (5 x 10-6 M). Figure 2A shows that a biphasic contracture was induced by applying a constant depolarizing current pulse of 1 s with an interval of 1 min. Its amplitude and maximum rate of development gradually increased with pulse intensity reaching a steady level. When the same muscle was perfused with sodium-free solution for 5 min, the contracture was augmented provided that the pulse intensity, therefore the membrane depolarization, was not strong (a). However, the tension increase was not observed at near-maximal tension levels (b). The dependency of tension increase by sodium removal on current intensity is presented in Fig. 3 , in which the changes in both terminal tension and percent increase are plotted against the current intensity. The contractures induced by applying eight different current intensities in normal Ringer solution (pre-control) were measured first (filled circles). The same measurement was repeated in the sodium-free solution (open circles). The post-control in normal Ringer shows the recovery, though not complete (filled triangles). Therefore, the percent increase during sodium-free perfusion was obtained by using the average of pre-and postcontrol values (open squares). It can be clearly seen that the tension increase is inversely related to the depolarizing current intensity, i.e. sodium-removal affects more drastically the sub-maximal contraction than the maximum contraction.
Simultaneous recording o f membrane potential and contracture
The experiment shown in Fig. 4 was done to determine if there is any relationship between tension increase by sodium removal and the membrane potential. A marked outward-going rectification is noticeable in the tracing of membrane potential. Perfusion of sodium-free solution resulted in a hyperpolarization of about 10 mV (12.8 + 5.6 mV, mean + S.E., n = 8) which occurred in parallel with increase in the contracture tension. The fact that there is no essential change in the peak level of depolarization may reflect an augmentation in the coupling efficiency between membrane depolarization and mechanical response. To SODIUM   REMOVAL  ON SKELETAL  MUSCLE  CONTRACTILITY  37 determine the contraction threshold, fibers were perfused first with TTX-containing (5 x 10-6 M) Ringer solution and weak depolarizing pulses of 1 s were applied on the quiescent muscle and increased until just detectable contractile response appeared (Fig. 5A , oblique arrows). The relationship between membrane potential and contractile tension was thus obtained first in normal Ringer and then in sodium-free solution. Figure SB shows an example of such measurements made on another muscle. It is seen that the mechanical threshold was shifted to more negative value Experiments on potassium contracture Figure 6 illustrates the effects of low sodium (55.6 mM) solution on both twitch and potassium contracture of single muscle fiber of Rana japonica. All measurements were done on the same fiber. The twitch elicited by stimuli of 1 Hz (Fig. 6A ) was increased after immersion in low sodium solution for 30 min (Fig. 6B) . Next, the ability to produce maximum contractile response was examined by applying high (120 mM) potassium solution. Since the contracture solution contained no sodium ions, the contractures were compared after equilibrating with either normal Ringer (Fig. 6C) or low sodium solution for 10 min (Fig. 6D) . Pre-perfusion with low sodium did not modify the maximum level of the contracture. The same result was obtained even when the muscle was pre-equilibrated with sodium-free, instead of 55.6 mM, solution (not shown).
We have also tried to determine the contraction threshold by measuring Experiments on caffeine contracture If the observed potentiation of twitch or electrically induced contracture by sodium-free perfusion results from an increase in the availability of activator calcium or from an increase in the rate of release of calcium from the sarcoplasmic reticulum, one might expect to find an augmentation of caffeine-induced contracture. In the experiments shown in Fig. 7A , 5 mM caffeine was applied for 30 s with a principal interval of 5 min as indicated by arrowheads. Following two successive applications of caffeine in normal Ringer the perfusion was switched to sodium-free solution at the downward arrow. In the record a, the first contracture induced 4 min after switching to sodium-free solution was strongly suppressed, whereas two following contractures showed, in spite of continuous perfusion with sodium-free solution, nearly the same peak tension as the control response. It should be noted Effects of sodium-free perfusion for 5 min on the electrically induced contracture were examined in the TTX-containing solution. Note that the final depolarization level during sodium-free perfusion is almost the same as the control. Experiments on toe muscle. Fig. 5 . Measurements of the mechanical threshold. A: after the steady twitch tension was established TTX (5 x 106 M) was applied at the downward arrow, which consequently abolished the twitch responses. The intracellular microelectrode was inserted after an equilibrium and a series of depolarizing pulses of 1 s was applied. At the third trial, which corresponds to the membrane potential of about -52 mV, a trivial contractile response appeared as indicated by oblique arrows. Experiment on bullfrog's toe muscle. B: effects of sodium-free solution on the relationship between membrane potential and contracture tension. A type of measurement similar to A was done on another muscle. The curve was first obtained in normal Ringer (•) and then in sodium-free solution (0). 
DISCUSSION
Present experiments showed that reduction or removal of external sodium produced a marked potentiation of twitch tension. The tension increment occurred even in the absence of sodium spike. In the presence of TTX, and after equilibration for sufficient time, only a sustained depolarization was produced by a constant outward current pulse with varied intensities. This concomitantly produced a biphasic contraction, namely fast and slow ones, although their causal nature is not known (KAWATA and CHEN,1972; KAWATA, 1985) . Sodium removal increased both components of biphasic contracture, provided that the extent of maintained depolarization was not too large. On the other hand, the maximum tension induced by strong depolarizing pulses or 120 mM potassium was not affected. These observations may suggest that some step in the excitation-contraction coupling rather than the contractile apparatus per se is stimulated by lowering external sodium.
A separate experiment of elevating of the external sodium concentration failed to demonstrate any decisive results on the active tension because an undesirable contracture was produced by the procedure, which could be attributed to an effect of hypertonicity (LANNERGREN and NOTH, 1973) . In an attempt to increase the intracellular sodium concentration, ouabain (10-' to 10 _4 M) was applied, which however, resulted in a slight augmentation of the contractile response.
A hyperpolarization (about 12 mY) was consistently observed during perfusion with choline-replaced sodium-free solution as reported previously (NASTUK and HODGKIN, 1950) . However, this hyperpolarization could hardly be responsible for the tension increase since it has been known that conditioning hyperpolarization, when applied in the normal Ringer, does not potentiate but rather suppresses the contractile tension under both current-clamped and voltage-clamped conditions (KAWATA and CHEN,1972; MILEDI et al.,1983; KAWATA, 1985) . Our results revealed that the relation between membrane potential and contracture tension was shifted to more negative value of the membrane potential by exposing the fiber to sodiumfree solution. We could thus conclude that the observed effects of low sodium removal are attributed to lowering of the mechanical threshold, although the exact value of the threshold is unknown since the experiments were done not under the voltage-clamped condition but under the current-clamped condition. This shift of the mechanical threshold occurred without accompanying any change in the maximum tension examined by strong sustained depolarization or high potassium solution. Our previous study also showed that the maximum tetanic tension was not affected by lowering external sodium concentration (HATAE and KAWATA, 1984) . Under such conditions the contractile machinery has to be saturated with sufficient amount of calcium ions released from the sarcoplasmic reticulum and thus can function properly.
Although recent investigations have suggested the possibility of a direct contribution of inward calcium current, of both fast and slow types, to the contraction in the skeletal muscle (SANCHEZ and STEFANI, 1978; ILDEFONSE et al., 1985; CoTA and STEFANI, 1986) , there is no evidence whether the calcium ions entering during either short or sustained depolarization could somehow be increased by reduction of the external sodium concentration. In the present experiments the twitch potentiation caused by sodium-free solution was antagonized by perfusing of calcium-free solution (Fig. 1) . However, this may not necessarily mean a competition between sodium and calcium ions in the strict sense because both twitch and sustained contracture can be suppressed even when the muscle was perfused with calcium-free solution alone (data not shown). Further experiments are required to clarify this alternative possibility.
Our results show that the contracture induced by a brief application of 5 m'i caffeine was prominently suppressed after perfusion of sodium-free solution for 3 to 4 min, at the time where twitch potentiation should be manifest. Interestingly, this inhibition of caffeine contracture was transient, since thereafter the contracture was restored to the control level or even increased in some cases during continuous perfusion of sodium-free solution. Another interesting point would be that a delay in the onset of tension development was observed. The resting tension was sometimes lowered by perfusing of sodium-free solution. This occurred especially when the caffeine contracture subsided very gradually. The transient inhibition of the contracture seems, however, not to be related to this phenomenon, since afterwards the caffeine contracture was even augmented from the same tension level (Fig. 7Ab) . Rather, the augmented caffeine contracture may be correlated with the phenomenon. There is, thus, a possibility that sodium-free perfusion accelerated the calcium uptake by the sarcoplasmic reticulum. However, this point has to be examined further. All taken together, this peculiar inhibition may be attributed to a transient elevation of the caffeine contracture threshold. Caffeine is known to accelerate the calcium-induced calcium release from the sarcoplasmic reticulum and this takes place without accompanying any electrical change in both surface and transverse tubular membranes (ENDO, 1977) . These results indicate that the potentiation of twitch as well as electrically induced contracture by removal of sodium probably occurred independent of the observed inhibition of caffeine contracture. On the other hand, the prolonged augmentation of twitch by sodiumfree perfusion may be related to the recovering or increasing phase of caffeine contracture.
According to the recent charge movement theory (SCHNEIDER and CHANDLER, 1973) depolarization of the T-membrane causes a non-linear capacitive current, an expression of re-orientation of charges in the macromolecule at the T-SR junction. This charge movement seems to play a more crucial role in the electromechanical coupling in the skeletal muscle than the calcium-induced calcium release under physiological condition. There are considerable experimental evidences showing the parallelism between charge movement and contractile activation, although measurement of charge movement per se is done by avoiding any mechanical artifacts (CAILLE et al., 1985; Hui and MILTON, 1987 of calcium transients, MILEDI et al. (1983) have proposed a hypothetical coupling model which transmits the signal of T-membrane to the SR membrane and regulates the mechanical threshold. The fact that the twitch potentiation by lowering or depleting of sodium took place more slowly than the suppression in action potential, so far judged from the contractile response (Figs. 1, 2 , and 4), may also support the view that the site of the effect is not surface membrane but rather the T-membrane. In conclusion, it is assumed that the observed tension potentiation by sodium-removal is mainly attributable to a shift of the mechanical threshold caused by changes in the ionic milieu in the T-system.
